Introduction
Single-molecule localization microscopy, such as photoactivated localization microscopy (PALM) (Betzig et al. 2006) , using photoactivatable and photoconvertible fluorescence proteins has transformed biological imaging (Klein et al. 2014) . In addition to providing super-resolved images, this method provides information on the localization, orientation, movement and number of fluorescent molecules (Gould et al. 2008; Nair et al. 2013) . It is particularly attractive to biologists to be able to directly count the number of molecules within a structure by imaging (Coffman and Wu 2012) , providing information about the stoichiometry of a protein complex and its oligomerization state. Even for studies that are not directly aimed at counting such numbers, to retrieve as many localizations of single molecule as possible is still highly desirable, since a high Nyquist sampling ratio in many circumstances dictates the final resolution.
There are many factors that lead to either over-or undercounting in such experiments (Deschout et al. 2014a) . Photoswitchable fluorescence proteins attached genetically to target proteins can achieve a one-to-one labeling ratio ideally. This is to assume that there is no immature fluorescence protein, complete photoconversion efficiency (Annibale et al. 2012; Puchner et al. 2013; Durisic 2014) , un-labeled endogenous proteins or proteolytic cleavage, all of which would result in underestimation of the real number. On the other hand, blinking of photoswitchable fluorescence proteins (or inorganic dyes) results in overestimation, but this is normally well-accounted for, if the appropriate 'dark frame' is allowed in data analysis (Owen et al. 2012) .
Abstract Single-molecule localization microscopy has been widely applied to count the number of biological molecules within a certain structure. The percentage of molecules that are detected significantly affects the interpretation of data. Among many factors that affect this percentage, the polarization state of the excitation light is often neglected or at least unstated in publications. We demonstrate by simulation and experiment that the number of molecules detected can be different from −40 up to 100 % when using circularly or linearly polarized excitation light. This is determined mainly by the number of photons emitted by single fluorescent molecule, namely the choice of fluorescence proteins, and the background noise in the system, namely the illumination scheme. This difference can be further exaggerated or mitigated by various fixation methods, magnification, and camera settings We conclude that the final choice between circularly or linearly polarized excitation light should be made experimentally, based on the signal to noise ratio of the system.
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The most commonly used labels in PALM are variants of the jellyfish green fluorescent protein (GFP). Both their emission and excitation are anisotropic (Ganguly et al. 2011) . The anisotropic emission from a dipole affects the detection efficiency and the symmetry of the point-spread function (Lieb et al. 2004; Engelhardt et al. 2011; Lew et al. 2013; Backlund et al. 2014; Deschout et al. 2014b) , which compromises the localization precision. When the anisotropic emission is properly analyzed, it provides molecule orientation information both in single-molecule tracking (Sosa et al. 2010) or PALM (Gould et al. 2008; Pavani et al. 2009 ).
With regard to anisotropy in excitation, inefficient excitation caused by polarization can be another cause of misscounting molecules. This happens when a larger angle is formed between the electric field vector of the excitation light and the dipole moment of fluorescence molecules (see simulation part). The fluorophore therefore cannot emit enough photons above background to provide good signalto-noise ratio (SNR) and so is not identified by algorithms in localization microscopy. It is easy to imagine that there should be an optimum illumination mode, which gives the highest localization number.
Interestingly, with a few exceptions (Egner et al. 2007; Flors et al. 2007; Shroff et al. 2007) , single-molecule localization publications do not detail the polarization state of their excitation light. This might be especially important for those studies aimed at counting molecules (Lando et al. 2012; Puchner et al. 2013) , and lack of this information could cause unnecessary difficulties in interpreting or reproducing this research. Recently, a study in which the number of subunits within a membrane protein complex with well-characterized stoichiometry was counted by steps of photobleaching suggested that no difference was caused by using circularly or linearly polarized light (Durisic et al. 2014b) . Although the authors attributed this to their particular experimental setup, they did not rule out that polarization may affect counting in other conditions. This prompted us to formally address this issue by another approach.
Materials and methods

Simulation
We simulated 8,100 dyes spaced evenly on a 1,000 × 1,000 grid in a 2D plane with random orientation in the field of view of 40 μm × 40 μm. The 3D orientation of a single molecule is presented as where i, j and k are the unit vectors along the x, y and z directions, respectively. α is the angle regarding to x-axis in the sample plane (x-y plane), and β is the out-of-plane m = cos α cos βi + sin α cos βj + sin βk angle regarding to z-axis. As a uniform random 3D distribution is assumed, α is within the range of 0 to 2π, while β is from 0 to π/2.
Illumination
For the epi-fluorescent simulation, we assume the incident light is a plane wave with Gaussian intensity distribution traveling along the z-axis. A linearly polarized light along the x-direction is presented as A circularly polarized incident beam can be expressed as where i = √ −1 is the complex number. A Li and A Ci are the amplitude distribution of the linearly and circularly polarized beam, which are equal.
For the TIRF simulation, the light is traveling from the cover glass (n c = 1.52) to water (n w = 1.33) at the incident angle θ 1 = 62° parallel to y-z plane.
For linearly polarized light, ϕ is defined as the angle between the polarization direction and the x-axis (ϕ = 0 for S-polarized, ϕ = 90° for P-polarized).
According to boundary condition when light goes through a dielectric interface (Born 1999) , the field immediately after the interface in the second media (water) becomes where t s and t p are Fresnel coefficients and sinθ 2 = nc sinθ 1 /n w (Born 1999) .
The electric field in second media (water) of a circularly polarized light is
Fluorescence intensity
Assuming the fluorescent rate of each molecule is η, which is Gaussian statistical distribution, the fluorescent intensity of each molecule is
The overall intensity of each molecule is where IB is the intensity of the background noise. A molecule was considered as identified if the SNR was above 5 (I M ≥ 5I B ).
Note here under the TIRF condition, the electric fields exponentially decay in the second media with a penetration
depth less than the wavelength of the incident light in free space. Therefore, we consider the molecules in a 2D plane close to the interface and use the electric field immediately after the interface in this simulation. This consideration can be applied to the 3D situation, because for the molecules deep inside (which are still within the penetration depth of the evanescent wave) the excitation power becomes weak, equivalent to the case of low SNR. That has also been considered in the simulation.
Cell culture, constructs and immunofluorescence HeLa cells were cultured in DMEM (Dulbecco's modified Eagle Medium) + HEPES + 5 % FCS, supplemented with 1:100 Glutamate in 10 % CO 2 at 37 °C. MD45 cells were cultured as in (Haynes et al. 1999) . Cells were seeded on Labtek II 8-well chambered cover glass (Thermo Fisher, Waltham, MA) pre-cleaned with 5 M KOH. Transfection was by Fugene6 (Promega, Fitchburg, WI) or Lipofectamine (Thermo Fisher, Waltham, MA) according to the manufacturer's instructions. pLifeAct-mEos2 was provided by Katharina Gaus and used to generate MSCV-mEos2 by PCR. PAmOrange-C1 and PAtagRFP were from Addgene (Cambridge, MA). Cells were either fixed with 3.7 % paraformaldehyde for 10 min, or sequentially by 0.25 and 1 % glutaraldehyde in cytoskeleton buffer as described in (Rinnerthaler et al. 1988 ). For indirect immunofluorescence, MD45 cells were permeabilized with 0.5 % Triton-X 100 for 5 min and probed with rabbit anti-β-PIX (Millipore, Billerica, MA) for 45 min at R.T. and Alexa fluor 647 Donkey anti-rabbit (Thermo Fisher, Waltham, MA) for 30 min.
Imaging
Samples were imaged on an NSTORM microscope (NIKON, Tokyo, Japan) with a 100× oil-immersion TIRF objective of numeric aperture 1.49. Less than 4 μW of a cube 405-nm laser was used for photoconversion of mEos2 or PAtagRFP, or activation of Alexa fluor 647. Less than 50 μW of a sapphire 458-nm laser was used for photoconversion of PAmOrange. 36 mW of a sapphire 561-nm laser was used to image the red form of mEos2, 7 or 14mW of this laser was used to image PAtagRFP, and 8 mW of a Crystalaser 647-nm laser for PAmOrange or Alexa fluor 647. All lasers were coupled into the microscope with a multi-mode fiber. The emission of mEos2 was collected through a dichroic mirror Di02-R561 and an emission filter FF01-609/57 (Semrock, Rochester, NY), and the emission of PAtagRFP was collected through a dichroic mirror Di01-R405/488/561/635 and an emission filter FF01-446/523/600/677 and the emission of Alex647 or PAmOrange was collected by a built-in NIKON NSTORM filter with a band-pass filter around 660-750 nm. The z-focus was maintained by the 'perfect focusing system' using infrared light. The intensity of polarization ratios for the 561-nm laser with or without the λ/4 plate was 1:20 or 1:100 and for the 647-nm laser was 1:40 or 1:3. The image was collected with an EMCCD camera (Andor, Belfast, Northern Ireland) (Ixon X3 Du-897 ×-5,633) of 256 × 256 pixels of a pixel size 157 nm or 105 nm if an additional magnification was used. Only molecules that appeared in the center 128 × 128 pixel of the image were used for analysis.
Imaging with photoswitchable proteins was done in phosphate-buffered saline, and dSTORM imaging of Alexa fluor 647 labeled proteins was done in buffers described in (Williamson et al. 2011) .
Single-molecule signals were identified by the ImageJ (National Institutes of Health, MD) plugin QuickPALM (Henriques et al. 2010) , with a fixed SNR of 6. The data table was then imported into MATLAB (Mathworks, Natick, MA) for further analysis. We did not correct for the lateral drift since the acquisition time was short and we were only interested in counting single-molecule signals per frame, not reconstructing structure. Grouping was performed for molecules appearing in 100 nm region in sequential frames and with 800 ms of dark time. All numbers shown in graph are grouped counts, and the trends were the same for data without grouping.
For averaging of total number per block, the first and last 5 % of frames in each block were discarded to account for the few frames when the λ/4 plate was moving or the power of activation laser was adjusted. For line plots of the number of molecules identified per frame, the curve was smoothed with a window size of 30 for better visualization. The averaged value of the first and third block was used for calculation of changes from LP to CP, which is shown together with number of repeats and standard error of mean. For histograms of signal and noise, signal was taken as the brightest pixel within the full-width-of-halfmaximum (FWHM) where a single molecule was identified, and background was calculated as the average intensity in a region between 2 to 3 FWHM from the peak. The camera calibration table was then used to convert the gray value into number of photons per pixel per frame. No camera baseline was subtracted.
Results
Simulation
We simulated dipoles with random orientation in three dimensions on a plane. The simulated dipoles were excited with either circularly polarized (CP) or linearly polarized 1 3 (LP) excitation light in epi-fluorescence (Fig. 1a, b) or total internal reflection (TIR) fluorescence mode with s-, p-or mixed polarization (Fig. 1c-h ). The distribution patterns of the number of photon emitted from single dipole are largely different in CP or LP scenarios (Fig. 1a, c, e and  g ). CP excitation causes a peak of photon emissions in the mid-range, while LP excitation leads to photon emissions that span a wider range When noise was introduced into the system and a cutoff SNR was chosen for any given fluorephore, an effect of CP or LP on counting emerged. At low noise, fewer molecules were detected in LP mode (Fig. 1b) , due to the presence of a large proportion of dim molecules. When the noise increased, there was a range where the difference between those two excitation schemes was negligible; therefore, the choice of polarization modes seemed to be irrelevant. Further increase in the noise level caused a sharp decrease in the number of detected molecules by CP, since only the linearly polarized excitation light can provide good alignment to a small number of dipoles, resulting in enough photon emission to be detected above very noisy background.
This result applies to both epi-and TIR-fluorescence. But in TIR mode, the effect of polarization is more complicated due to the difference between p-or s-type polarization in terms of penetration depth and orientation in the evanescent field. As a result, there are significant differences in the cutoff point where the two illumination schemes give similar results (Fig. 1d, f, h ). For example, under s-polarization, LP is better than CP over a large range of noise, while under p-polarization, CP becomes superior to LP from relatively small noise. This is because the transmitted intensity of p-polarized light is higher than s-polarized light, and more molecules can be found under p-polarized illumination at the same noise level due to stronger excitation.
Experimental comparison between LP and CP
To test whether similar effects occurred in biological samples, we compared the number of molecules localized under different polarization conditions in PALM imaging of HeLa cells expressing photoconvertible fluorophores. Each experiment was divided into several cycles. Within each cycle, a cell was firstly illuminated for a fixed number of frames ('block') under LP, then a second block with CP, and a third block with LP. The activation laser power was kept the same within each cycle but was sometimes increased for the next cycle to compensate for photobleaching. We only considered the results when the numbers of molecules found were similar between the first and the third block in each cycle, to ensure there was not significant rundown within this cycle.
For mEos2 fixed with glutaraldehyde and imaged under epi-fluorescence, the number of molecules identified under CP was significantly greater (increased by 64 ± 10 %, n = 4) than under LP (Fig. 2a) . In particular, switching from LP to CP triggered a sharp increase in the first few frames, indicating that during LP excitation a pool of red species was photoconverted but not excited efficiently due to unfavorable alignment. The number of identified molecules excited by CP then declined, but was still above that of LP.
Since the SNR is mainly determined by the average photon emission from the fluorophore, we tested another photoswitchable protein, PAmOrange, that is, dimmer than mEos2 (Subach et al. 2011) . PAmOrange gave the opposite trend (reduced by 38 ± 4 %, n = 4) when switching from LP to CP (Fig. 2b) under TIR.
Other factors modulate the difference between LP and CP The trends were consistent in wide field or TIR for both fluorophores, but the extent to which polarization affected the counting was different: 8 ± 3 % for mEos2 by TIR and −22 ± 4 % for PAmOrange by epi-fluorescence, as well as for PAtagRFP (Subach et al. 2010 ) under TIR (10 ± 2 %, n = 7) or epi-fluorescence (43 ± 4 %, n = 5) illumination (Fig. 3) . This suggests that the nature of fluorophore is most important in choosing a polarization mode which largely determines which type of polarization should be employed, while the illumination scheme, which affects background fluorescence, further modifies the magnitude of this difference. It should be noted that the quarter wave plate we used does not result in a perfectly circularly polarized light; the difference between LP and CP might be more obvious if a plate with better matching wavelength was used.
We examined other factors that could potentially affect the SNR (Fig. 3) . Exposure time of an EMCCD camera should match with the photon emission rate and the on time of the fluorophore in use. We found that varying the exposure time from 40 to 80 ms only had a slight impact on the difference between LP and CP for both epi-fluorescence and TIRF.
The magnification of the optic system determines the pixel size of the final image. There is a trade-off between increasing the SNR level per pixel (with larger pixel size), and getting a well-spread PSF on several pixels (with smaller pixel size) (Thompson et al. 2002) . It has been shown that over a relatively large range of magnification, the localization precision remains unchanged (Ober et al. 2004) . To test the effect of magnification on the counting of single molecules, we compared the difference between 100× magnification (157 nm per pixel) and 150× magnification (105 nm per pixel). There is a dramatic increase in counting in both epi-fluorescence and TIRF mode by using smaller pixel size (Fig. 3a) . This indicates that changing the magnification of the system has a great impact on the counting of single molecules.
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The freedom of a fluorophore to rotate within the integrating time of the camera causes an averaging effect of both the excitation and emission. It has been shown that fixation alters the anisotropy of YFP attached to a membrane protein in cells (Ganguly et al. 2011 ). Therefore, we repeated the experiment using a milder fixation, Fig. 1 Simulations showing the number of single-molecule signals identified is affected by the polarization state of excitation light and the signal-to-noise ratio. a Distribution of average photon emission per fluorophore from a simulated pool of randomly orientated dyes in 3D excited by either linearly (thin solid line) or circularly (thick dotted line) polarized light under epi-fluorescence (a), or total internal reflection when the electric vector is at 90 (c), 45 (e), or 0 (g) degree to the incident plane. The distribution of photon emission under LP condition has a broader range than that under CP. (b, d, f, h) , number of molecules identified above a SNR of 5 for those dyes in (a, c, e and g) under different noise level 1 3 paraformaldehyde. CP still caused an increase of 13 ± 1 % (n = 6) in counting compared with LP under TIR (Fig. 3a) for mEos2, similar to effects with glutaraldehyde (increased by 8 ± 3 %). This indicates that both fixation methods immobilize the fluorophore enough that there is still a difference between CP and LP excitation.
When we plotted the signal and background of all the identified molecules corresponding to the experiments above (Fig. 2c for mEos2 , and Fig. 2d for PSmOrange), we observed an increase in both signal and background when switching from LP to CP. The increase in background fluorescence could partially come from the side-lobe of the PSF of the signal itself, and partially from the other molecules (such as NADPH) whose fluorescence is less polarization dependent. Therefore, the change of SNR is eventually determined by the relative change of signal and background intensity. This is more evident when we analyzed all data from experiments in Fig. 3a , and plotted the changes of SNR from LP to CP, against the changes in molecule counting. Higher SNR in CP versus LP positively correlates with more counting (Fig. 3b) . Interestingly, the fitting curve crosses the y-axis at a SNR of 0.92, instead of 1. This indicates that there are other factors, together with SNR, that affect the counting. Those could be the anisotropy in emission or the dependence of photoconversion on the polarization (which does necessarily take the same direction as excitation). It is also worth noting that by looking at only those identified molecules, we were not talking about the whole population of all potential molecules, as in our simulation.
Polarization dependence with inorganic dyes
A related single-molecule localization microscopy technique to PALM is (direct) stochastic optical reconstruction microscopy or (d)STORM, which uses small inorganic The increases from LP to CP were 52 ± 2 %, 65 ± 4 %, 61 ± 4 %, and 109 ± 8 %, respectively (n = 6). mEos2 in glutaraldehyde-fixed HeLa cells imaged by TIRFM with 40, 60, or 80 ms of exposure time or a smaller pixel size. The increases from LP to CP were 8 ± 3 %, 5 ± 2 %, 9 ± 1 %, and 22 ± 2 %, respectively (n = 5 or 6). mEos2-LifeAct in paraformaldehyde-fixed HeLa cells imaged under TIRFM with 40, 60, or 80 ms of exposure time. The increases from LP to CP were 13 ± 1 %, 12 ± 1 %, and 10 ± 2 %, respectively (n = 6).
PSmOrange1 in glutaraldehyde-fixed HeLa cells imaged under epifluorescence. The decrease from LP to CP was 22 ± 4 % (n = 6). Alexa fluor 647 stained β-PIX protein in paraformaldehyde-fixed MD45 cells imaged under TIR. The change from LP to CP was 2 ± 1 % (n = 3). For PAtagRFP in glutaraldehyde-fixed HeLa cell, the increase from LP to CP was 10 ± 2 % (n = 7) for 7 mW excitation and 12 ± 5 % (n = 5) for 14mW excitation under TIF, and 42 ± 4 % (n = 5) under epi-fluorescence with 7 mW excitation power. b Dot plot of changes in numbers of identified single molecules from LP to CP in (a), against the corresponding changes of SNR. The data were grouped by the type of proteins used and the fitting was done for all data dyes linked to antibodies, normally through single covalent bond. Therefore, those dyes can rotate with a higher speed and be less restrained than fluorescent proteins. Nevertheless, their rotation in space is still subject to hindrance from neighboring molecules, in a so-called orientation cone (Engelhardt et al. 2011) . The angle of this cone determines the freedom of rotation and hence the efficiency of excitation (and detection) (Backlund et al. 2014) . In fact, it was reported that around 20 % of dyes conjugated to antibodies absorbed on cover glass show some degree of rotation freedom (Vaughan et al. 2012) .
We compared CP and LP on an Alexa fluor 647 stained dSTORM sample, but found no obvious difference (2 ± 1 %, n = 3) by CP compared to LP (Fig. 3) . Interestingly, we also observed an increase in photon emission when switched from LP to CP, in a manner similar to the fluorescent proteins (data not shown). This observation suggests that there is a certain degree of rigidity of those dyes attached to antibodies, but the SNR in this experiment was not in the range where a difference between CP and LP is obvious. Inorganic dyes linked to antibodies at two sites [bifunctional dyes (Corrie et al. 1998)] should have a lower freedom, so the effect of polarization excitation might be more profound.
It is worth noting that the counting by dSTORM normally does not directly translate into the number of biological molecules in the system, especially when a standard immunofluorescence protocol is employed. This is due to the multiple valencies of the primary and/or secondary antibodies, and the common strategy of labeling single antibody with multiple dyes to enhance the signal and blinking from the same dye. Nevertheless, comparing the relative number of localizations under different treatments still provides a good estimation of the change in the total number of molecules, especially when the labeling ratio of dye per antibody is carefully controlled (Fricke 2014) or other means of labeling is employed (Henriques et al. 2011) .
Conclusions
The polarization of the excitation light dramatically affects measurements of photoconvertible fluorophores, and this should be taken into account in executing and interpreting single-molecule localization experiments. In general, CP should be the default configuration except in special cases when the SNR is low, which would justify LP. The other factors such as fixation, camera exposure time, pixel size and illumination should also be optimized or taken into account when choosing whether to use CP or LP excitation.
